Intercritically annealed 10 pct Mn steel has been shown to exhibit an excellent combination of strength and ductility due to the plasticity-enhancing mechanisms of mechanical twinning and strain-induced martensite transformation occurring in sequence. This mechanical behavior is only achieved for a multi-phase microstructure obtained after annealing within a specific intercritical temperature range. A model for the selection of the optimal intercritical annealing temperature was developed to achieve a high strength-ductility balance for 10 pct Mn multiphase steel. The model considers the room temperature stacking fault energy and the thermodynamic stability of the retained austenite.
I. INTRODUCTION
STEELS with a wide range of Mn content (6 to 30 mass pct) are currently being studied as possible advanced ultra-high strength (UTS >1 GP) materials for automotive applications due to their superior combination of strength and ductility compared to standard low carbon formable steel grades. [1] [2] [3] [4] [5] [6] These new Mn steels can broadly be divided in three groups on the basis of the plasticity-enhancing mechanisms which control their mechanical properties:
The first group includes medium 4 to 8 pct Mn transformation-induced plasticity (TRIP) steel. [1, 7] These medium Mn TRIP steels have ultra-fine grained multi-phase microstructures consisting of ferrite and metastable austenite. The metastable austenite transforms to martensite during deformation, resulting in high work hardening rates and total elongations of about 30 pct. [7] The second group includes high 12 to 22 pct Mn twinning-induced plasticity (TWIP) steel. [8] [9] [10] TWIP steel has a fully austenitic microstructure and a moderate stacking fault energy (SFE) of approximately 20 mJ/ m 2 . [8] These austenitic steels exhibit mechanical twinning which results in exceptionally high work hardening rates and a high ductility, with total elongations of about 60 pct.
The third group of steels is characterized by a high Mn content, 22 to 30 pct. The plasticity-enhancing mechanism is microband-induced plasticity (MBIP). [11, 12] MBIP steel has a high Al and C content, resulting in a high SFE (~80 mJ/m 2 ). [11] Micro-shear bands generated during deformation results in a high work hardening rate and a high ductility, with total elongations of about 60 pct.
The different plasticity-enhancing mechanisms are critically dependent on the room temperature SFE of the austenite, which is controlled by the phase composition and the temperature. Whereas additions of C, Mn, and Al increase the SFE, additions of Si and Cr result in a decrease of the SFE. [3, 5, 8, [13] [14] [15] The TRIP effect occurs in austenite with a SFE less than 15 mJ/m 2 , the TRIP and TWIP effect occur simultaneously in the SFE range of 15 mJ/m 2 < SFE < 20 mJ/m 2 . The TWIP effect is dominant when the SFE is in the range of 20 to 35 mJ/m 2 . In recently published work, the development of a Fe-10 pct Mn-3 pct Al-2 pct Si-0.3 pct C steel which had a duplex microstructure consisting of ferrite and austenite after intercritical annealing was reported. [16] The room temperature SFE and the thermodynamic stability of the austenite phase in this steel were controlled by the partitioning to the intercritical austenite of C and Mn during the annealing. The austenite in the intercritically annealed 10 pct Mn steel developed mechanical twins during deformation at low strain. After the generation of mechanical twins had reached a saturation point, martensite nucleation was initiated at twin-twin intersections at higher strains. This TWIP-TRIP transition mechanism resulted in a surprisingly high work hardening rate and a total elongation comparable to that of the more highly Mn-alloyed TWIP and MBIP steels.
Due to the fact that excellent mechanical properties were obtained with less alloying, the alloy design concept used for the 10 pct Mn TWIP-TRIP transition steel clearly illustrated that there were alternative alloy designs based on intercritical annealing, for the development of leaner steels suitable for third generation ultra-high strength automotive steel applications.
The tensile behavior of 10 pct Mn TWIP-TRIP transition steel is however sensitive of the choice of the intercritical annealing temperature, as this temperature determines the phase fraction and the composition of the intercritical austenite. In the present work, a method to predict the room temperature phase fraction, the chemical composition, and the SFE of the austenite is proposed. It is shown that this method can be used to achieve an optimal strength-ductility balance.
The schematic of Figure 1 illustrates the principle of the method. The microstructure of the cold-rolled sheet of 10 pct Mn steel, obtained after hot rolling, consists of ferrite, a¢-martensite and retained austenite. The martensite start temperature of the initial austenite phase, M s , is above room temperature. When the cold-rolled sheet is annealed in the intercritical temperature range, the martensite is transformed back to austenite, and the C and Mn content of the intercritical austenite are increased during intercritical annealing as a result of the partitioning of C and Mn to the intercritical austenite. The partitioning results in an enhanced room temperature austenite stability, as the M s temperature gradually decreases to a value below room temperature during the intercritical annealing as shown schematically in Figure 1 (a). The ferrite volume fraction increases as the intercritical annealing temperature decreases, thereby further enhancing the partitioning of the C and Mn, as shown in the Figures 1(b) and (c). As a consequence, both the room temperature austenite stability and its SFE are determined by the selection of the intercritical annealing temperature, as this temperature determines the equilibrium composition of the intercritical austenite. In order to obtain a room temperature austenite phase which undergoes twinning-induced plasticity, the room temperature SFE should be controlled in the range of 20 to 35 mJ/m 2 , as shown in Figure 1 (d). [14] This condition also guarantees that the M s temperature will be below room temperature and that the TWIP effect and the TRIP effect will occur in succession.
II. EXPERIMENTAL
The chemical composition of the steel used in the present work was Fe-10 pct Mn-0.3 pct C-3 pct Al-2 pct Si, in mass pct. Ingots were prepared by vacuum induction melting. Slabs were hot-rolled after reheating at 1473 K (1200°C) to produce a 2.5-mm thick sheet. The hot-rolled sheets were pickled and cold rolled to a 50 pct reduction. The intercritical annealing temperatures selected for the experimental validation of the model were 973 K, 1073 K, and 1173 K (700°C, 800°C, 900°C). The samples were heated using a heating rate of 4 K/s. During annealing, the samples were held at the intercritical annealing temperature, T IA , for 300 seconds to achieve full phase equilibrium. The samples were cooled to room temperature using a cooling rate of 30 K/s. ASTM-E8 subsize tensile test samples with a gauge length of 50 mm and the tensile axis aligned parallel to the rolling direction were prepared from the intercritically annealed samples. The tensile tests were carried out at a strain rate of 10 À3 s À1 using a ZWICK universal tensile testing machine. The fraction of strain-induced martensite was monitored during the tensile tests by means of a portable ferrite phase analyzer.
The microstructural analysis of the deformation microstructures was done in a ZEISS Ultra-55 Scanning Electron Microscope equipped with a Field-Emission electron source (FE-SEM) and an Electron-Back Scattering Diffraction (EBSD) system. Specimens were mechanically polished and electro-polished at room temperature in a solution of 95 pct CH 3 COOH and 5 pct HClO 4 to avoid preparation-related formation of martensite.
A JEOL 2100F Transmission Electron Microscope equipped with a Field Emission electron source (FE-TEM) was used to examine the plasticity-enhancing mechanisms by the direct observation of mechanical twins and strain-induced a¢-martensite.
III. RESULTS

Figures 2(a) and (b)
show FE-SEM micrographs of the intercritically annealed 10 pct Mn steel after annealing at 1073 K and 1273 K (800°C and 1000°C), respectively. The microstructure was fully austenitic at an annealing temperature of 1273 K (1000°C) and transformed partially to athermal a¢-martensite upon cooling to room temperature, as shown in Figure 2(a) . A two-phase microstructure consisting of austenite and ferrite was obtained after intercritially annealed at 1073 K (800°C). No athermal a¢-martensite was observed due to the fact that the C and Mn partitioning to the intercritical austenite resulted in a high stability austenite phase with an M s temperature below room temperature.
The T IA -dependence of the average austenite grain size, measured by means of EBSD, is shown in Figure 3 . The austenite grain size increases linearly with an increase of T IA . The austenite grain size was very fine, e.g., approximately 2 lm after intercritical annealing at 1173 K (900°C). This small grain size was due to the inhibition of the austenite grain growth by the ferrite. An increase of volume ferrite fraction leads to a reduction of the austenite grain size to less that 1 lm when T IA was less than 1023 K (750°C).
Tensile stress-strain curves for 10 pct Mn steel intercritically annealed at 973 K, 1073 K, and 1173 K (700°C, 800°C, 900°C) are shown in Figure 4 . The tensile behavior has a pronounced T IA -dependence, which can be explained as follows.
The yield strength of intercritically annealed 10 pct Mn steel is determined by the volume fraction, composition, and grain size of the constituent phases. The yield strength of 10 pct Mn steel was found to increase with decreasing T IA . The work hardening rate and the total elongation reached their lowest value after annealing at 973 K (700°C), i.e., when the retained austenite had its highest stability and SFE. The work hardening rate reached its highest value after annealing at 1173 K (900°C), i.e., when the retained austenite stability and SFE were the smallest. At an intermediate annealing temperature of 1073 K (800°C), an exceptionally high elongation was obtained due to the activation of mechanical twinning at low strain and the straininduced a¢-martensite nucleation at twin-twin intersections at higher strain.
[16] Figure 5 shows the TEM micrographs of the deformed microstructures of the 10 pct Mn steel annealed at different T IA . The TEM samples were prepared after tensile testing to 10 pct engineering strain. After annealing at 973 K (700°C), the microstructure had an ultrafine grain size. There was no evidence of mechanical twinning or a¢-martensite formation during deformation, as shown in Figure 5 Figure 6 . Whereas no TRIP effect occurs after intercritically annealed at 973 K (700°C), a¢-martensite formation was very pronounced in the steel intercritically annealed at 1173 K (900°C).
The T IA -dependence of the microstructure and tensile properties of 10 pct Mn steel were investigated in detail. The tensile properties of 10 pct Mn steel are controlled by the kinetics of the formation of mechanical twins and the strain-induced a¢-martensite transformation. As a rule, the austenite stability and the SFE of retained austenite increase when the volume fraction of the intercritical ferrite is higher. This results in the activation of two strain hardening-enhancing mechanisms and an intermediate work hardening rate. When the intercritical microstructure is fully austenitic, the kinetics of the a¢-martensite formation is too fast, resulting in a premature fracture. The optimal T IA should be chosen to achieve a room temperature microstructure consisting of ferrite and retained austenite, and athermal a¢-martensite should not be present in the initial microstructure. The thermodynamic properties of the retained austenite should therefore be such that athermal a¢-martensite is not formed upon cooling to room temperature. Figure 7 (a) shows a pseudo-binary Fe-C equilibrium phase diagram for Fe-10 pct Mn-x pct C-3 pct Al-2 pct Si. The corresponding temperature dependence of the equilibrium phase fraction is shown in Figure 7 (b). The microstructure is fully austenitic when the annealing temperature is higher than 1098 K (825°C). Cementite and (Fe,Mn) 5 C 3 are formed when the annealing temperature is lower than 948 K (675°C). The formation of these carbides reduces the C and Mn content of the retained austenite below 948 K (675°C). Figure 7(c) shows the temperature-dependent equilibrium composition of the austenite, which reveals a temperature range in which both C and Mn are partitioned to the intercritical austenite with increasing volume fraction of intercritical ferrite. As the carbide formation for annealing temperatures lower than 948 K (675°C) decreases the austenite stability and results in brittle fracture of the carbides, the annealing temperature should always be higher than 948 K (675°C). Note that the Al and Si content of the austenite are not much influenced by the annealing temperature.
IV. DISCUSSION
The grain size of the room temperature retained austenite in intercritically annealed 10 pct Mn steel must also be taken into account, as it too influences the austenite stability and the kinetics of the mechanical twinning and strain-induced a¢-martensite transformation. A small austenite grain size inhibits the nucleation of twins and martensite during deformation. [17, 18] The martensite start temperature (M s ) was obtained using the following empirical equation which takes into account the effect of the austenite grain size [18] :
: ½1
Here C and Mn are the C and Mn mass pct content of the intercritical austenite, respectively. V c is the average austenite grain volume in lm 3 , which can be obtained by using the fitting curve in Figure 3 . Figure 8(a) shows the calculated M s temperature as a function of T IA . C and Mn partitioning to austenite results in an increase of the austenite stability and reduction of the M s temperature. When the grain size of retained austenite is considered, the formation of athermal a¢-martensite is inhibited during cooling from the intercritical temperature. The M s temperature is higher than room temperature when the T IA is higher than approximately 1073 K (800°C). Figure 2 showed that whereas a high volume fraction of athermal a¢-martensite was observed after annealing at 1273 K (1000°C), no a¢-martensite was observed after annealing at 1073 K (800°C). The calculation results are in good agreement with the experimental observations. The volume fraction of athermal a¢-martensite was computed by means of the empirical equation proposed by Koistinen and Marburger [19] :
Here f a 0 is the volume fraction of athermal a¢-martensite, T is the temperature. The unit for T and M s are degree Kelvin. a and b are parameters related to the kinetics of athermal a¢-martensite formation. These parameters can be computed by means of the following equations [18] : shows the room temperature volume fraction of athermal a¢-martensite and retained austenite calculated by using Eqs. [2] , [3] , and [4] . The maximum fraction of retained austenite is obtained after intercritical annealing at 1073 K (800°C). The retained austenite volume fraction decreases when T IA is higher than 1073 K (800°C) due to the formation of athermal a¢-martensite. Athermal a¢-martensite must be absent in the as-annealed room temperature microstructure in order to avoid premature fracture resulting from the brittle fracture of the a¢-martensite.
Noting that the intrinsic SFE of face-centered cubic metals and alloys is related to the molar Gibbs energy of the c fi e transformation, Olson and Cohen [20] proposed the following equation to calculate the SFE:
Here G c!e is the molar free energy difference between c and e-martensite, q is the molar surface density, and r c=e is the c/e interfacial energy. Takaki et al. [21] investigated the driving force for the c fi e transformation and included an excess free energy DG ex contribution due to the austenite grain size in their analysis:
DG ex ¼ 170:06 Á expðÀd=18:55Þ: ½6
Takaki et al. [21] reformulated Eq. [5] as follows: Figure 9 shows the T IA -dependence of the room temperature SFE of the retained austenite using data from Reference 15. The room temperature SFE of the retained austenite increases due to the partitioning effect at lower T IA , but it decreases when T IA is less than 948 K (675°C) due to the precipitation of carbides.
The results indicate that mechanical twinning will occur in samples intercritically annealed at a T IA higher than 1073 K (800°C), as the SFE is in the range of 20 to 35 mJ/m 2 . [14] Mechanical twinning is inhibited in samples annealed at 948 K (675°C) as the SFE of the retained austenite will be higher than 35 mJ/m 2 . When the SFE is higher than 35 mJ/m 2 dislocation glide is the preferred deformation mechanism. [13] The SFE of the retained austenite must be in the range of 20 to 35 mJ/ m 2 , in order to observe mechanical twinning and the TWIP effect in the retained austenite. When T IA is higher than 973 K (700°C), the retained austenite exhibits mechanical twining. In addition, no straininduced e-martensite transformation occurs during deformation.
The TEM observations showed that no plasticityenhancing mechanism was observed after annealing at 700°C while mechanical twins were observed in the samples annealed at 1073 K and 1173 K (800°C and 900°C). None of the tested samples contained e-martensite. The calculation of the SFE of the retained austenite is therefore in good agreement with the TEM observations.
The model illustrates the relation between T IA , the room temperature SFE, and the M s temperature of the retained austenite, and the plasticity-enhancing mechanism at low strains. Experimental observations [1] show that the TWIP effect was followed by the TRIP effect, which resulted from the nucleation of a¢-martensite at twin intersections, when the conditions for mechanical twinning and the TWIP effect were met for the retained austenite.
The model identifies clearly the following three conditions for the selection of an optimal T IA for intercritically annealed 10 pct Mn steel:
1. The T IA temperature should be high enough to avoid the formation of carbides and premature fracture due to their brittle behavior. 2. The T IA temperature should be chosen such that the M s temperature of the C and Mn partitioned intercritical austenite is below room temperature. 3. The T IA temperature should be chosen to obtain a room temperature SFE for the intercritical austenite which leads to mechanical twinning takes place during deformation.
The tensile behavior of 10 pct Mn steel after annealing at 1173 K (900°C) exhibited a high work hardening rate but a low ductility due to the presence of a¢-martensite in the starting microstructure.
The model calculations indicate that the optimal T IA to achieve the best mechanical properties was 1073 K (800°C), as athermal a¢-martensite and carbides were not present in the microstructure. The SFE of the retained austenite is approximately 25 mJ/m 2 for an intercritical annealing at 1073 K (800°C), resulting in mechanical twinning, the TWIP effect and the TRIP effect in succession. 
V. CONCLUSIONS
A model for the selection of the intercritical annealing temperature T IA to achieve optimal mechanical properties in multiphase 10 pct Mn steel has been proposed. It is based on (a) the control of the M s temperature to obtain a microstructure without athermal a¢-martensite upon cooling after intercritical annealing, and (b) the control of the room temperature SFE of the retained austenite to achieve mechanical twinning in the austenite.
In the case of intercritically annealed Fe-10 pct Mnx pct C-3 pct Al-2 pct Si the model calculations indicated that 1. For T IA less than 973 K (700°C), carbide formation occured during intercritical annealing and the TWIP effect was suppressed in the austenite phase because its SFE was too high. Both effects resulted in premature sample fracture in uniaxial tensile tests. 2. For T IA approximately equal to 1073 K (800°C), the retained austenite had optimum properties in terms of M s temperature and SFE. Carbides and athermal a¢-martensite were not present in the microstructure. In addition, the steel displayed a succession of two plasticity-enhancing mechanisms in succession. The TWIP effect occurred at low strains. The TRIP effect occurred at higher strains, with the nucleation of strain-induced a¢-martensite occurring at twin intersections.
